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Three-dimensional geometries of rifting on a hyperextended margin -
Interpretation of seismic reflection profiles from the Deep Galicia Basin, Iberia 
by 
Amy L. Borgmeyer 
Our study utilizes a pseudo-3D grid of 2D, depth-migrated seismic profiles in order 
to provide new constraints on rifting within the Deep Galicia Basin. 3D analysis shows 
that faults strike within 10° of north, indicating east-west directed rifting. Three distinct 
structural domains are identified on the east-west oriented profiles. In addition to an 
exhumed mantle domain, two crustal domains are distinguished by their different faulting 
styles and thinning. Restored crustal thickness (9-14 km) within the intracrustal fault 
domain (IFD) is close to the current thickness of the Galicia Bank crust (15-20 km), 
implying that the observed faults within the IFD were the first to form after the formation 
of the Galicia Bank. Restored crustal thickness within the detachment fault domain 
(DFD) is less than in IFD, yielding 3-5 km thickness. This suggests that the DFD either 
experienced an additional generation of faulting compared to the IFD, or was extended by 
a different mechanism, e.g. rolling-hinge-style rifting. 
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1 Introduction 
The transition from continental rifting to seafloor spreading is a fundamental process 
in plate tectonics, but many details about the crustal thinning mechanisms during this 
transition remain poorly understood. Magma-poor, hyperextended rifted margins have 
been identified around the world (including the west Iberia margin and its conjugate 
margin, Newfoundland, as well as Labrador-West Greenland, Nova Scotia-Morocco, and 
others). Iberia and Newfoundland are ideal places to study the mechanical aspects of 
rifting processes because they are largely devoid of igneous and salt bodies that obscure 
seismic imaging, create volume conservation problems, and make it difficult to study the 
system using scientific ocean drilling. Seismic studies of the Iberia margin have shown 
that these rifted margins are typically characterized by landward-rotated, fault-bounded 
continental blocks that thin progressively seaward [Peron-Pinvidic et al., 2009 and 
references therein]. At the farthest seaward extent of continental crust, extremely thinned 
(only a few km thick) and highly deformed blocks rest on a bright seaward-dipping 
reflection [Hoffmann and Reston, 1992]. These features have been interpreted to 
represent a contact between extended continental crust above and serpentinized peridotite 
(hydrated upper mantle) below [Boillot et al., 1995], The reflection/contact is usually 
interpreted as a detachment surface [Reston et al., 1996]. Researchers have thus far 
produced primarily two-dimensional (2D) models to describe different mechanisms that 
could explain the extreme thinning of the crust [Lavier et al., 1999; Reston, 2005, Lavier 
and Manatschal, 2006], This study focuses within Iberia's extremely thinned Deep 
Galicia Basin, and characterizes the hyperextended margin in a three-dimensional (3D) 
sense. 
2 
1.1 Geologic Setting 
As a type-example of magma-poor continental rifting, the Iberia-Newfoundland 
conjugate margin pair has been the subject of several seismic studies (GP [Groupe 
Galice, 1979], Lusigal [Beslier et al., 1993], ISE [Sawyer et al., 1997], Discovery 215 
[Discovery 215 Working Group, 1998], and Screech [Shillington et al., 2004]), four 
IODP expeditions (legs 103 [Boillot et al., 1987], 149 [Sawyer et al., 1994], 173 
[Whitmarsh et al. 1998], and 210 [Tucholke et al., 2004]), and other geophysical and 
submersible studies. From these and other studies along the Atlantic margins, a general 
timeline of rifting events has been assembled. At 225 Ma, Iberia (now part of the 
Eurasian Plate) and Newfoundland (now part of the North American Plate) were united in 
the supercontinent of Pangaea. Pangaea breakup began about 225 Ma with rifting 
between North America and Africa to create the Central Atlantic Ocean. Seafloor 
spreading began there about 50 million years later, around 175 Ma. During these 50 
million years, extension also began between North America and Eurasia, but seafloor 
spreading did not propagate northward to Iberia and Newfoundland until much later. 
Seafloor spreading between Iberia and Newfoundland initiated in the Tagus Abyssal 
Plain Segment about 151 Ma, propagated northward to the Iberia Abyssal Plain Segment 
about 135 Ma, and finally reached the Galicia Bank Segment about 121 Ma [Channell et 
al., 1995; Srivastava et al., 2000], 
During its transition from full continental thickness to its present state, the Iberia-
Newfoundland conjugate margin pair (Figure la) underwent 3 phases of lithosphere-scale 
extension. The first phase of extension, in the Late Triassic, corresponds to Lavier and 
ManatschaVs [2006] stretching mode of extension. This phase affected a broad region, 
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creating a number of locally deep but widely dispersed sedimentary basins within the 
extending lithosphere (e.g., the Jeanne d'Arc Basin and Lusitania Basin [Montenat et al., 
1988]). The second phase of extension, in the Late Jurassic to Early Cretaceous, possibly 
related to Lavier and ManatschaVs [2006] thinning mode of extension, cut a series of 
listric normal faults that soled into the middle/lower crust and ultimately reduced the 
continental crust to roughly half its normal thickness, about 10-20 km [Murillas et al., 
1990]. This phase formed the GIB, the GB, and probably the Flemish Cap, which are 
characterized by roughly 20-km-wide, rotated fault blocks. In the Early Cretaceous, a 
third phase of extension, which includes Lavier and ManatschaVs [2006] exhumation 
mode, focused west of the GB and ultimately led to continental breakup, leaving a narrow 
Newfoundland margin and forming the Deep Galicia Basin (DGB) on the Iberia margin 
(Figure lb). In the DGB, the localized extension caused extreme thinning of continental 
crust, to less than 3 km thickness, and then pulled the continental crust off the top of the 
underlying continental mantle, exhuming upper continental mantle rocks to the seafloor 
prior to seafloor spreading [.Boillot and Winterer, 1988]. To further explore the final 
phase of extension and mantle exhumation prior to seafloor spreading, this study will 
focus within the DGB. 
1.2 Deep Galicia Basin 
The step down from the GB to the DGB occurs as clear large rotated fault blocks are 
offset along intracrustal faults (Figure 1). Seaward of the intracrustal faults, the 
prominent S-reflector appears at about 8-9 km below sea level (BSL) as a bright 
reflection dipping gently seaward (Figure lb). Based on drilling [Boillot et al., 1987] and 
velocity data [Whitmarsh et al., 1996; Pickup et al., 1996; Zelt et al., 2003; Christensen, 
5 
2004], S is interpreted to separate intensely faulted continental crust above from 
serpentinized peridotite (altered upper mantle) below. Partially serpentinized peridotite, is 
recognized by velocity less than that for unaltered peridotite [Christensen, 2004], 
Based on rifting models, S is interpreted to be a detachment fault and is thought to 
branch on its eastward end into one or two breakaway faults that extend up to the base of 
post-rift sediment [Reston et al., 1996], On the eastern extent of GP 101 (Figure 2a), 
where S branches upward into the breakaway fault (S4), Reston et al. [1996] also 
interpret two deeper reflections, S5, dipping west, and S6, dipping east. Reston et al. 
[1996] suggest that these two deeper reflections represent an evolution of multiple 
faulting phases within the region; however, the nature of the material that these deeper 
faults are cutting is still ambiguous, due to a lack of continuous reflective events and 
offset sampling for velocity analysis. 
Above S, the continental crust comprises fault-bounded blocks of crystalline 
basement rocks overlain by pre-rift sediments, but these blocks do not resemble the 
unambiguous tilted fault blocks imaged farther east. Instead the crustal blocks overlying 
S are extremely thin and elongate, often with relatively flat top surfaces. Extension 
measured along the seismically observed faults in this region cannot account for the 
thinning of continental crust, from its presumed 30-35 km original thickness to its present 
thickness of less than 3 km [Reston, 2007]. The discrepancy in extension inferred from 
fault displacements versus extension inferred from overall crustal thinning has been noted 
in other basins as well (e.g., Goban Spur [Davis and Kusznir, 2004]), and has been 
referred to in literature as the "extension discrepancy" [Reston, 2007 and references 
therein]. 
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West of the prominent S-reflector and its overlying crust blocks, the exhumed upper 
mantle is in direct contact with post-rift sediments. In the DGB, the exhumed upper 
mantle takes the form of a roughly symmetrical, north-south trending ridge with little or 
no internal structure. This ridge is referred to as the "Peridotite Ridge" (PR). 
Serpentinized peridotites from the PR have been identified in ODP drilling cores [.Boillot 
et al., 1987; Sawyer et al., 1994; Whitmarsh et al., 1998], and seismic studies have 
further identified the PR (by its topography, structure, and trend) along the full north-
south extent of the DGB and farther south into the IAP [Beslier et al., 1993; Henning et 
al., 2004]. 
The sequence of processes and their distribution in space and time that led to the 
extreme thinning of continental crust and exhumation of upper continental mantle within 
the DGB, are still unclear. Two potential rifting mechanisms, "polyphase faulting" and 
"rolling-hinge faulting," are discussed below. 
1.3 Rifting Mechanisms 
Polyphase faulting has been invoked to reconcile mismatches in the amount of 
crustal extension that can be inferred from the cumulative heave on observed normal 
faults, with the amount of crustal extension that can be inferred from the difference 
between pre-rifting and post-rifting crustal thickness [Reston, 2007]. In the 
polyphase faulting model, extreme thinning of crustal material is accomplished by 
faulting and refaulting of crust. According to this model, as an initial set of 
intracrustal faults accommodates extension and rotates to low angles, it becomes 
locked, and a new generation of faults re-cut the existing fault blocks and their 
associated sediments in a more favorable orientation. The weakness of this model is 
8 
that previous generations of faults are difficult to recognize in seismic section. Also 
when this model alone is used to describe the DGB, S must be active as a low-angle 
detachment surface [Reston et al., 2007]. This seems to conflict with the classic 
Andersonian theory of faulting [Anderson, 1951]; however, Reston et al. [2007] 
argue that the lowering of the coefficient of friction, by partial serpentinization of the 
upper mantle and by increased fluid pressure, allows low-angle slip along the S 
detachment surface. 
As an alternative to low-angle faulting, a rolling hinge mechanism has been 
invoked at the DGB and elsewhere to explain how continental crust can be thinned 
dramatically from thicknesses of 10-20 km to 0-3 km, and how normal faulting at 
high angles can rotate to form apparent low-angle faulting. Instead of a low-angle 
detachment fault, this model requires a master down-to-the-west concave downward 
normal fault. In the model, as Newfoundland (the hanging wall) is pulled off and 
away from Iberia (the footwall), the west-dipping master fault rotates towards 
horizontal at the seafloor in a flexural response to the removed burden [Buck, 1988]. 
During this process, extensive fracturing of the hanging wall allows sequential up-
cutting faults to dislodge blocks off the Newfoundland margin and transfer them to 
the rotating footwall of the Iberia margin. New minibasins are formed between each 
successive fault block that is transferred to the footwall. In this model, the S-
reflector may again be a boundary between crustal fault blocks and serpentinized 
mantle, but in this case the fault blocks were plucked off the hanging wall because 
slip was not favorable at low angles. The thicknesses of crustal blocks created by this 
mechanism may be difficult to predict with data from the Iberia margin alone as the 
9 
blocks are a product of the conjugate margin, reflecting its thickness and rifting 
history and additionally affected by the depth, angle, and frequency of the final up-
cutting faults. 
1.4 This Study 
For this study, we have carried out Kirchhoff Prestack Depth Migration (PSDM) on 
a grid of five roughly orthogonal, 2D, multichannel seismic (MCS) reflection profiles 
(Figure 3). We first describe our results for each profile separately and then combine the 
profiles and two older profiles (GP 101 and GP 102, Reston et al. [1996]) to analyze, in 
three dimensions, the orientation and extent of normal faulting, the extent of detachment 
surfaces, and the geometries of the crustal fault-bounded blocks over the study area. In 
doing so, we provide new constraints on the 3D rifting geometries of the DGB and then 
describe the rifting history in terms of the existing rifting mechanisms from literature. 
2 Data Acquisition 
The MCS profiles used in this study (Figure 3) were collected as part of the Iberia 
Seismic Experiment (ISE 97) aboard the R/V Maurice Ewing (EW97-05) [Sawyer et al., 
1997]. The seismic source, a tuned 20-airgun array with total volume of 8385 cu. in 
(~137 liters), was fired at 20-second intervals (nominally 50 m spacing) for profiles ISE 
1, ISE 2, and ISE 4, and at 40-second intervals (nominally 100 m spacing) for profiles 
ISE 5 and ISE 6. Profiles were acquired using a 160 or 164 channel streamer with a group 
interval of 25 meters. The MCS data were binned at common midpoint (CMP) intervals 
of 12.5 m. Source-receiver offsets ranged from 38 m to 4113 m. The reflection data were 
10 
Figure 3. Western Iberia margin bathymetry from Sibuet et al. [2004], Red lines 
are 1997 ISE multichannel seismic profiles from this study. Black lines are GP 
profiles from Reston et al. [1996]. Black circles are ODP drill sites. Green 
triangles are seismically identified Peridotite Ridge locations [Henning et al., 
2004; Beslier et al., 1993], Galicia Interior Basin (GIB), Galicia Bank (GB), Deep 
Galicia Basin (DGB), and Iberia Abyssal Plain (IAP). 
11 
collected at a 2 ms sample interval but later anti-alias filtered and resampled to 4 ms for 
processing. 
The combination of margin dip and strike lines used in this study spans an area of 
about 6300 sq. km (Figure 3). The processed portions of margin dip lines, ISE 1, ISE 2, 
and ISE 4, average about 85 km in length, and extend from near the edge of the extended 
Galicia Bank on their eastward end, and across the PR on their westward end. These 
three profiles are spaced about 14 km apart. The processed strike lines, ISE 5 and ISE 6, 
extend about 74 km north to south, with about 9 km spacing between them. The 5 drill 
sites of ODP Leg 103 are within this study area. ODP Site 637, where serpentinized 
peridotite from the interpreted PR basement high was recovered, is roughly coincident 
with profile ISE 1. The remaining 4 ODP Leg 103 sites are located between the ISE 
profiles, roughly coincident with lines from a previous French MCS reflection survey 
[Groupe Galice, 1979]. 
3 Data Processing 
Producing clear and geometrically accurate images from these ISE profiles is crucial 
to studying the rifting processes along this margin. PSDM can properly handle lateral 
velocity gradients and steeply dipping strati graphic and structural features [Yilmaz, 2001], 
Reston [2005] has demonstrated that PSDM can be used effectively on dip profiles in the 
DGB and the Iberia Abyssal Plain basin to the south. 
Prior to PSDM, the data were filtered at 8-16-40-80 Hz and manually edited using 
trace kills and surgical mutes to remove noise bursts and bad channels. The traces were 
then sorted into common-offset gathers to form 20 bins at 200 m spacing. In all of the 
12 
profiles considered in this paper, water depths are approximately 5 km (approximately 7 
seconds two-way travel time (TWT)). The earliest water-bottom multiples arrive at about 
14 s TWT. This is well below all of the reflections of geologic interest, and so was 
trimmed from the data before migration. Therefore, no special processing techniques 
were needed or used to remove water-bottom multiples. 
Interval velocity models in depth were produced for migration using an iterative 
interpretive layer stripping approach. We started the first iteration with Kirchhoff PSDM 
at a constant effective water velocity (1.52 km/s), and subsequently alternated between 
velocity updates of progressively deeper layers and iterations of PSDM. We used residual 
moveout (RMO) velocity analysis on Common Reflection Point gathers to improve each 
velocity layer where reflections were continuous and shallow enough to contain good 
offset information. At greater depths, where this method did not give reliable results, our 
interpretive method was supported by velocities from existing tomography and migration 
literature [Mauffret and Montadert, 1988; Zelt et al., 2003; Reston et al., 2007]. 
Intersection points between the strike and dip lines were often consulted to maximize 
agreement between interpretations and velocity models so that final migrated sections 
would tie reasonably well. 
The sediment section of the profiles contains three velocity layers. A post-rift 
sediment layer was imaged with velocities that range from 2.0 km/s near the seafloor to a 
maximum of about 2.6 km/s at their base, which is similar to velocities for Mauffret and 
Montaderfs [1988] post-rift layers 1-3 which range in velocity from 1.8 km/s to 2.5 
km/s. The next velocity layer is interpreted as syn-rift to post-rift sediment, roughly 
equivalent to Mauffret and Montaderfs [1988] Layer 4. This layer was best imaged using 
13 
migration velocities of 3 km/s. The last sediment layer is interpreted to be pre-rift to early 
syn-rift because it is roughly parallel to top basement, offset by large faults, and rotated 
with the basement blocks. It lies between Layer 4 and basement and is roughly equivalent 
to Mauffret and Montaderfs [1988] Layer 5. This layer was migrated with velocities of 4 
km/s. 
After the iterative migrations with sediment velocities, a basement flood with 
velocity of 5 km/s from the interpreted top of basement to the bottom of section, focused 
and allowed picking of the top of mantle along the prominent S reflection. A refraction 
model along ISE 1 [Zelt et al., 2003] indicated that the crust mantle transition dives 
below a thickening crust, to the east of S, where it is no longer well imaged in reflection 
profiles. A combination of this refraction model and the S picks on reflection data was 
used as the basis for picking the top of a 7.5 km/s hydrated mantle velocity zone, which 
was continued to the bottom of the profile. Note that in reality this velocity probably 
increases gradually to a more typical 8 km/s mantle velocity at depth (as the degree of 
serpentinization decreases with depth). However, because we do not have good velocity 
constraints at this depth, this complexity was not included. 
The final migration velocity models are shown in Figures 4(a) through 8(a). For the 
final PSDM runs, we used finer lateral trace spacing, outputting a trace for every CMP. 
To improve the final images, we applied a 1/distance gain recovery to correct for 
spherical divergence and a time-squared gain recovery to further enhance the image at 
depth. 
Note that 2D PSDM is based on the assumption that there is no along-strike variation 
in structure or velocity. This is obviously not correct for these profiles, since it is the fully 
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3D structure that we are trying to interpret in our study. The assumption of 2D structure 
is better for the dip profiles and poorer for the strike profiles. Crossing 2D PSDM profiles 
in areas of structure are not expected to tie perfectly because of reflections coming from 
out of the plane-of-section. This is true even if the velocity models used for the PSDM's 
of crossing lines tie exactly. Therefore, we did not always force the velocity models to tie 
exactly at the crossing points, but rather tried to optimize the velocity models for the best 
imaging on each profile. Although not tying perfectly, these crossing line data are reliable 
for obtaining apparent dips of strata and structure that may be used to derive true dip and 
strike directions. We use these methods in our study. Note, unless identified differently, 
all ISE profiles shown will be PSDM. 
4 Depth Migrated Sections 
4.1 East- West Profiles 
The three margin-perpendicular ISE profiles (Figures 4-6) extend about 12-19 km 
farther east and 23-28 km farther west relative to Reston et a/.'s [1996] GP profiles 
(Figures 2 and 3). These three profiles image a series of landward-rotated, normal-fault-
bounded blocks of continental crust and sediments that thin progressively westward until 
the PR, where no crust is present. The major normal faults imaged in these 2D profiles 
have been correlated in three dimensions between the various profiles, and so faults (Fl-
F6) and fault blocks (A-G) have been labeled on the profiles. However, a closer look at 
these profile to profile correlations will be reserved for the next section. In this section we 
describe our interpretations of each MCS profile separately. 
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4.1.1 ISE 2 
ISE 2 (Figures 3 and 4) is the southernmost dip profile considered in this study. It is 
about 6.0 km south of GP 102. The spatial extent of GP 102 (Figure 2b) is roughly 
equivalent to ISE 2 CMPs 1700 to 5500. 
At the eastern end of ISE 2, the continental crust blocks (A-C) are 5 or more km 
thick and are easily recognized as tilted fault blocks. Their bounding faults, F1 (dipping 
-41° W) and F2 (dipping -30° W) cannot be traced to a crust-mantle boundary. We call 
this portion of the profile the "intracrustal fault domain" (IFD). These faults have offsets 
of about 2200 m and 3400 m respectively measured along the apparent dip direction of 
the faults. Offset was measured relative to the top basement surface picks on each block. 
Unless noted otherwise, all future fault offset measurements will be made at the same 
orientation and with the same marker surface. 
In the center of the profile, the continental crust blocks (E and F) are slightly more 
elongate and thinner than those blocks to the east. Blocks E and F overly the high-
amplitude, relatively continuous S-reflector. The block-bounding faults (F3, F5-F6) sole 
into the S detachment; therefore, we call this portion of the profile the "detachment fault 
domain" (DFD). Faults F5 dips about 40° W and accommodates about 2800 m of offset. 
F6 dips about 28° W and accommodates about 3100 m of offset. Neither F5 nor F6 are 
interpreted to offset S, but F6 is interpreted to sole into S at a point where S loses its 
characteristic strong amplitude. S is interpreted to dip gently to the west, deepening from 
-8.0 km BSL at its eastern end (CMP 3300) to -9.8 km BSL in the west (CMP 5000) 
Between the IFD and DFD, at about CMP 3300 and 8 km BSL, S is interpreted to 
propagate up to the base of post-rift sediment along the breakaway fault, F3. Fault F3 
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dips about 28° W near the surface, shallows with depth, and completely separates 
crystalline basement, accommodating roughly 11700 m of offset, and placing sediment 
directly in contact with S. This upward branching of S occurs at about the same point at 
which OBS data indicate that the crust-mantle boundary begins to dip steeply to the east 
(extrapolated from ISE 1, roughly 15 km north of ISE 4 [Zelt et al., 2003]). 
To the west of the DFD, S loses its high amplitude character but is interpreted to 
continue as the crust-mantle boundary connecting the decollement surface to the eastern 
flank of the PR. Where ISE 2 crosses the PR, the ridge protrudes -230 m above the 
current seafloor. The PR shows little or no internal structure. We call this section 
containing the PR and no continental crust the "exhumed mantle domain" (EMD). 
4.1.2 ISE1 
ISE 1 (Figures 3 and 5) is about 6.5 km north of GP 102 with approximately the 
same east-west extent as ISE 2. The spatial extent of GP 102 (Figure 2a) is roughly 
equivalent to ISE 1 CMPs 3100 to 6800. 
The structure imaged on ISE 1 is very similar to that on ISE 2. The same IFD, DFD, 
and EMD are identified. In the IFD, crustal blocks A-C are 6 km or more thick and are 
easily recognized as tilted fault blocks. Fault F1 dips about 34° W and accommodates a 
minimum of 4600 m of offset. Fault F2 dips about 42° W and accommodates roughly 
1900 m of offset. 
In the DFD, continental blocks E-G are elongated and each less than 3 km thick. 
They are interpreted to be affected by significant internal deformation at a small scale, 
supported by the rough basement top to block F. Faults F5 and F6 are interpreted to sole 
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at the strong, relatively continuous S-reflector without offsetting S. Faults F5 and F6 are 
dip 30° W and 26° W respectively, and accommodate a minimum of 3300 m and 3000 m 
of offset respectively, each nearly completely separating crystalline basement blocks. 
One ISE 1, S has a short-wavelength dome-shape under block E and an overall gentle 
west dip, deepening from -7.8 km BSL at its eastern end (CMP 5000) to -8.7 km BSL in 
the west (CMP 3300). To the west of F6, S loses its strong amplitude character. 
The transition in rifting styles between the IFD and DFD is marked by breakaway 
faults. On ISE 2 fault F3 was the sole breakaway fault, but on ISE 1 faults F3 and F4 
appear to both act as breakaways. Faults F3 and F4 accommodate about 4300 m and 4000 
m of offset respectively. Like on ISE 2, this upward branching of S occurs at about the 
same point at which OBS data indicate that the crust-mantle boundary begins to dip down 
steeply to the east [Zelt et al., 2003]. At depth in this region, we interpret east and west-
dipping reflections, not seen on ISE 2. These deep reflections are interpreted to be similar 
to Reston et a/.'s [1996] deep S5 and S6 faults (Figure 2a) which hint at a complex 
history of faulting in this area where intracrustal faulting transitions to detachment 
faulting. 
The EMD and its contained PR appear similar to that seen on ISE 2. The PR has no 
internal structure. 
4.1.3 ISE 4 
ISE 4 (Figures 3 and 6) is the northernmost dip profile considered in this study. It is 
about 6.3 km north of GP 101. The east-west extent of GP 101 (Figure 2a) is roughly 
equivalent to ISE 4 CMPs 2400 to 5900. 
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In the IFD, at the eastern end of ISE 4, blocks A and C are 8 or more km thick and 
easily recognized as tilted fault blocks. Fault F1 is the only large-offset fault in the IFD of 
ISE 4. It dips about 28° W and accommodates about 8000 m of offset. 
In the DFD, continental blocks E, F, and G have very different geometries than 
blocks A and C. Blocks E, F, and G are elongated and much thinner, less than 3 km thick. 
They are interpreted to be affected by significant internal deformation at a small scale 
[Reston, 2005], as evidenced by the rough basement top of block F. Fault F5 is not well 
developed in this region. Fault F6 dips about 42° W, completely separates crystalline 
basement with a minimum of 3300 m of offset, and soles at S without offsetting it. In this 
domain, S is a strong, relatively continuous reflection with a broad dome-like shape that 
peaks just above 8 km depth under block F, at roughly CMP 5000, and gently dips to the 
west. 
The transition in between the IFD and DFD is marked by the F3 and F4 breakaway 
faults, which branch up from S at about CMP 3900 and 9 km depth. Faults F3 about 40° 
W and accommodates about 8000 m of offset. Fault F4 dips about 30° W and 
accommodates about 2900 m of offset. The breakaways meet S at about the same point at 
which OBS data indicate that the crust-mantle boundary begins to dip steeply to the east 
(extrapolated from ISE 1, roughly 13 km south of ISE 4 [Zelt et al., 2003]). At depth in 
this region, faint reflections dipping both east and west are present, similar to those 
interpreted on our ISE 1 profile and by Reston et al. [1996] on the GP 101 profile (Figure 
2a). 
In the EMD, ISE 4 crosses the PR at a point where it is buried under roughly 800 m 
of sediment. The top of the PR is interpreted to be heavily eroded based on its relatively 
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flat but rough top. The relatively high amplitude reflections off its flanks may represent 
layering formed by erosion or mass wasting of serpentinized peridotite. The PR is of 
particular interest on ISE 4 because it shows some internal structure (Figure 9). The PR is 
usually described in 2D profiles as a roughly symmetric peak with very little or no 
internal structure [Beslier et al., 1993; Henning et al., 2004], In ISE 4, however, strong, 
parallel, semi-continuous east-dipping reflections, extending between 1 km and 3 km in 
length, are seen at the top center and east flank of the ridge. Also, below these reflections, 
at about 8 km depth, there is a flat, subhorizontal reflection centered about 900 m west 
from the center of the ridge peak. It is interpreted to be a part of a 2 km tall plateau-
shaped feature at depth. The implications of these structures are not well understood, but 
it seems likely to indicate something about the formation of the PR. 
4.1.4 Summary of East- West Profile Results 
Each of the east-west oriented profiles contains three domains, the IFD, DFD, and 
EMD. The IFD comprises thinned continental crust blocks bounded by normal faults that 
sole into the lower crust. The DFD comprises extremely thinned continental crust blocks 
(less than 3 km thick) bounded by normal faults that sole or end abruptly at the S 
reflector. Here S is commonly a strong, relatively continuous reflector, interpreted to act 
as a detachment along the top of the hydrated upper mantle [Reston et al, 1996]. The 
Exhumed Mantle Domain (EMD) is a zone of exhumed upper mantle, locally 
characterized as the PR [Beslier et al, 1993; Henning et al, 2004], The PR on ISE 4 
shows internal reflections that may represent structures not previously described for the 
PR. In the transition between the DFD and IFD, S is interpreted to branch into 1 or 2 
breakaway faults at about the same location that the Moho is interpreted to begin 
25 
7200 
I 7000 I 
10 
11 
12 
4 
5 
6 
7 
I 8 
o. g a> Q 
10 
11 
12 
.N 
Figure 9. Detail view of Peridotite Ridge (PR) from Prestack Depth Migration of ISE 4 
(see also figure 9). V.E. = 1. In contrast to most seismic images of the PR, which show little 
or no internal structure, the PR on ISE 4 shows significant internal structure. At depth, a 
flat-topped and angular structure appears. Above it and along its eastern flank are multiple 
strong, roughly-parallel, apparent-east-dipping reflectors. At depth on its west flank, there 
are similar, strong, apparent-east-dipping reflections, that may show fanning geometries. 
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deepening down to the east. Also in the transition between the DFD and IFD several 
deep, potentially intramantle, reflections dipping both east and west, are interpreted on 
two of the profiles. Transitioning to the EMD, S loses its characteristic high-amplitude 
character on the flank of the PR. 
4.2 North-South Profiles 
The two margin-parallel profiles (Figures 7 and 8) do not show simple parallel and 
horizontal sediments as would be assumed in a 2D east-west rifting model. Instead, these 
north-south profiles exhibit significant laterally varying structures and thus add details 
and complexity to the typical 2D interpretations. 
4.2.1 ISE 5 
ISE 5 (Figures 3 and 7) is the easternmost of the two margin-parallel profiles. It 
crosses each of the margin-perpendicular profiles between the IFD and DFD. 
The continental crust shows significant variation along ISE 5 (Figure 7). The 
thickness of total rifted-crust (basement plus pre-rift sediments) thins from about 3 km in 
the north to about 1 km at the southern extent. The relative amount of crystalline 
basement and pre-rift sediment also varies along the profile. In the north (CMPs 4800 to 
6800), crystalline basement is about 2.6 km thick and accounts for the majority of the 
rifted crust. Only a thin veneer of pre- and or syn- rift sediment covers the basement here, 
with the exception of a small pocket of 1 km thick sediment from CMPs 5500 to 6000. 
Past CMP 4800, crystalline basement thins until it reaches zero or sub-resolution 
thickness at about CMP 3900 (near the ISE 1 intersection). As the basement thins, the 
pre- and syn-rift sediments thicken in the plane of section. Here, where sediment dips can 
be determined, they appear roughly parallel to top basement and so dip southward as 
27 
basement thins in that direction. From CMP 3900 to about CMP 2000, sediments make 
up the entire crust thickness. The apparent sediment dips vary from southward to 
subhorizontal. There are two pockets of syn-rift sediment. The first is about 9 km wide, 
1.3 km thick at its center, and centered at CMP 3700. The second is about 12 km wide, 
1.4 km thick at its center, and centered at CMP 2300. Where each of these syn-rift basins 
reaches its maximum thickness, the rifted crust approaches zero or sub-resolution 
thickness. From CMP 2000 to the southern extent of the profile, crystalline basement 
thickens to about 1 km, making up the entire thickness of the rifted crust. 
In contrast to the margin-perpendicular profiles, which exhibit steep faults and sharp 
offsets in top basement, ISE 5 exhibits a smoother top of basement surface. Interpreted 
faults in the continental crust are either coincident with top of basement surfaces (CMPs 
1000 to 2000 and 3900 to 4400) or run between basement blocks and trend roughly 
parallel to top basement (CMPs 4400 to 6800). 
The S reflector properties vary greatly along ISE 5. Regarding reflectivity, it shows 
high amplitude character over most of the profile, but dims under the northern thickened 
basement. Concerning shape, in a broad sense, S rises from about 9 km BSL at the 
northern extent to roughly 6 km BSL in the southern extent, approaching the seafloor. On 
a smaller scale, the S-reflector is interpreted to display four asymmetric undulations over 
the roughly 74 km extent of this profile. The first three undulations gently rise on their 
northern side and then have a steeper, short down-sloped flank on their southern sides; 
however, the fourth undulation is different. The final undulation has a sharp step up at 
about CMP 2600 and then after a long subhorizontal stretch begins to rise again, 
approaching the seafloor at the southern end of ISE 5. 
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In what is interpreted to be upper mantle, there are several high amplitude reflections 
that start at S and dip northward. These deep reflections often meet S at points where the 
S topographic slope changes dramatically (CMP 4100, 3100, 2700). They generally dip 
between 15 to 30° to the north and extend up to 2.5 km deep and up to 6.8 km in length. 
In the CMP 3100-3900 area, some reflections are interpreted to have significant curvature 
(concave downward) while others appear subhorizontal. These might be interpreted as 
faults that sometimes cross-cut each other, as if multiple phases of faulting, similar to the 
interpretation of deep reflections along GP 101 [.Reston et al., 1996], 
4.2.2 ISE 6 
ISE 6 (Figures 3 and 8) is the westernmost of the two margin-parallel profiles. It 
crosses each of the margin-perpendicular profiles within the DFD. 
There are significant crustal structures exhibited along the profile. The rifted 
continental crust thins from about 5 km thickness in the north to about 1 km thickness at 
the southern extent. The relative abundance of crystalline basement and sediment also 
varies along the profile. At the northern extent of ISE 6, the crust is made up primarily of 
crystalline basement. The basement thins until it reaches nearly zero thickness at the ISE 
1 intersection (~CMP 3900). At this point, the only syn-rift package on the ISE 6 profile 
has appeared and is thickening. At its thickest point (~CMP 4400), the syn-rift sediment 
package is ~2 km thick and the crust below it has thinned to zero or sub-resolution 
thickness. The crystalline basement blocks interpreted farther south show as thin, short-
wavelength rounded features, bounded on bottom, and often top, by faults. Of the faults 
correlated across the study area, only one, F5, appears on ISE 6. Fault F5 in some places 
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coincides with top basement on this profile and in other places merges with the S 
detachment fault. 
The S-reflector varies along the ISE 6 profile. Regarding reflectivity, S has higher 
amplitude and better continuity on the southern half, where crystalline basement is thin or 
absent. In the north, where crystalline basement is thicker, S becomes lower amplitude, 
more discontinuous and difficult to pick. Concerning shape, in a broad sense, S dips 
down-to-the-north. It deepens from roughly 7.5 km depth BSL at the southern extent to a 
maximum depth of about 10 km BSL at the northern extent. As on ISE 5, S is an 
undulating surface when considered at shorter scales. On ISE 6, however, the undulations 
are smaller and more numerous than those on ISE 5. These undulations can be described 
in terms of the location of their peaks (local shallow points). From north to south, they 
are located at approximate CMPS 1600, 2300, 3200, 3600, 4400, and 4800. 
ISE 6 does not exhibit the prominent deep north-dipping reflections below S, as seen 
on ISE 5. On ISE 6, most of apparent structure below S takes the form of migration 
artifacts. The most comparable reflections to those on ISE 5 are those at the northern-
most extent of ISE 6, north of CMP 2000. However, these are suspect because they are 
so close to the end of the line and because they nearly parallel the S surface. Therefore, 
we assume that the deep features seen on ISE 5 are absent in the position of ISE 6. 
4.2.3 Summary of North-South Profile Results 
The rocks above S on profiles ISE 5 and ISE 6 are very similar. Both profiles show 
overall thinning of continental crust towards the south. On ISE 5, crustal thickness 
decreases from ~3 km to < 1 km over its north-south extent. On ISE 6, crustal thickness 
decreases from ~5 km to <1 km over its north-south extent. Both profiles also transition 
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from almost entirely crystalline basement at their north and south extents to almost 
entirely sediment in their central sections; however, this likely reflects the line locations 
relative to individual fault basins rather than regional trends. The pre-rift sediment is 
interpreted to range in dip from subhorizontal to down-to-the-south along each profile, 
where dips can be reliably estimated. 
The S surface and features below S are noticeably different on profiles ISE 5 and ISE 
6. The topographic undulations of S are longer wavelength and higher amplitude on ISE 
5 than on ISE 6. Also, the prominent north-dipping reflections below S on ISE 5 are 
absent on ISE 6. These two features may be related as the north-dipping reflections on 
ISE 5 often intersect S at points where its slope changes significantly. Our preferred 
interpretation of these north-dipping reflections is that they are faults. 
5 Three-Dimensional Analysis 
Although these MCS profiles can be easily viewed and described in 2D, they are 
more accurately, and to greater benefit, viewed and interpreted together as a pseudo 3D 
volume. Even in the processing stage, comparison of velocity models at profile 
intersections provided more information for migration. So too, in the process of 
interpreting and analyzing results, the 3D nature of this MCS grid is important for 
spatially mapping the S surface, for recognizing fault trends, and for measuring true dips. 
5.1 Further Defining S 
Interpolating the S picks from each MCS profile produces a map of the S surface in 
three dimensions (Figure 10). This mapped surface represents S from the first (most 
eastward) breakaway fault in the east, F3, to the westward extent of its high amplitude 
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Figure 10. Map of S-reflector interpretations interpolated between ISE profiles. Warm colors 
are deep; cool colors are shallow. Depths are relative to sea level. Black lines are ISE profiles. 
Map extends to the east to approximately the extent of the breakaway faults (reaching base of 
postrift sediment). To the west, the map extends as far as the bright, clearly identifiable S 
reflector, stopping short of the PR. The map is best constrained along the ISE profiles, 
interpolated between, and least constrained at the corners. 
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reflection on the flank of the PR. The overall trends seen in each MCS profile are 
preserved in this map and constrain 3D morphology of the S surface. To the east, S 
shallows up along a breakaway fault. S also shallows at the very southern end of ISE 5 
and ISE 6, towards the Iberia Abyssal Plain. Along the ISE 2 and ISE 1 profiles, S dips 
fairly smoothly westward. Along ISE 4, S has a dome-like shape, reaching its shallowest 
point west of ISE 6, but then dipping westward as seen on the other east-west profiles. 
Along the northern extent of ISE 5 and ISE 6, S remains deeper, leveling off between 9 
and 10 km depth. To what degree S is still dipping westward in this northern extent of the 
map is poorly constrained due to lack of data. Such east-west data constraints are also 
lacking at the southern extent of this map; however, previous work by Henning et al., 
[2004] and Beslier et al., [1993] showed that there is an eastward step in the PR down in 
this corner, so S is likely absent in some portion of the southwest corner of this map. 
Looking at this map in a broader 3D sense, S is an irregular surface that can have 
local slopes in almost any azimuth. Interpolation of trends seen on the 2D dip profiles 
(i.e., doming in the north (ISE 4) and dipping smoothly in the south (ISE 1 and ISE 2)) 
reveals a shallow ridge that extends roughly 35° west of north, to at least the dome-like 
apex of ISE 4, but perhaps farther beyond data control. This NW trending ridge is also 
seen in a map of S produced by Reston et al. [2007]; however, our north-south oriented 
profiles help to extend the mappable surface and resolve more complexity. 
5.2 Fault and Fault-Bounded Block Correlations 
The similarities in crustal features and in fault styles between each dip-profile 
suggest large-scale structural continuity along the margin within the study area, and thus 
support the correlation of normal faults over the full north-south extent of the study area. 
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Furthermore, using common displacement-length scalings [Kim and Sanderson, 2005], 
the maximum displacements on each of these normal faults, on the order of kilometers 
suggest fault lengths on the order of several 10's of km, and up to 100 km or more. For 
these reasons, we are comfortable correlating normal faults and their fault-bounded 
continental blocks across the study area to evaluate their 3D distributions. 
To pick regionally significant faults within each 2D profile and to correlate those 
faults across the study area, we focused on large-offset faults and attempted to connect 
faults with similar, or smoothly differing, offsets and dips. The two strike-profiles also 
provided some constraint on the orientation of the continuous fault planes. Those faults 
near the intersections of the north-south profiles (i.e. faults F4 and F5) are well 
constrained and provided general trend estimates for the remaining faults. 
Our preferred 3D interpretation (Figure 11) identifies six prominent and distinct 
normal faults (F1-F6), which bound seven continental blocks (A-G). Two faults, F2 and 
F4, tip out laterally within the study area, merging with neighboring faults, F1 and F3, 
respectively. The terminations of these two faults correspond with increasing fault offsets 
along the neighboring faults (Figure 12). Therefore, offsets along pairs of faults, or fault 
splays, appear to compensate for each other, thereby maintaining systematic 
displacements along strike. Within the study area, there are also faults with more minor 
offsets, e.g., within block C on ISE 1, that are interpreted on the 2D profiles but not 
included in our basin-wide correlations. 
The large-offset normal faults (F1-F6) strike within ten degrees of north, when 
measured over their full interpreted length. However, the fault surfaces are not planar. 
They are irregular with shorter wavelength surfaces striking as much as 35 degrees east 
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Figure 12. Fault offset trends. All offsets are measured along the apparent dip direction of 
the fault and relative to the top basement surface, (a) Fault offsets along faults Fl and F2, 
and their sum (F1+F2). Fault F2 decreases in offset towards the north and tips out between 
ISE 1 (where it has -4600 m offset) and ISE 4 (where it is not imaged). Fault Fl 
compensates for F2 by increasing in offset towards the north, (b) Fault offsets along faults 
F3 and F4, and their sum (F3+F4). Fault F4 increases in offset where F3 decreases in offset. 
Fault F4 tips out to the south between GP 102 (where it has -1300 m offset) and ISE 2 
(where it is not imaged). 
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or west of north. Of course, the scale of fault surface complexity within this model 
directly reflects the density of data available. Where fault correlations cross only the three 
ISE east-west profiles (i.e. Fl) the fault surface appears smooth. The apparently most 
complex faults in the model are those that are also imaged along the north-south profiles. 
Recall the faults imaged on ISE 5 and ISE 6 were not interpreted to be planar in strike 
view, but had undulations. 
The overall north-south strike of the normal faults implies a regional extension 
direction of east-west. Therefore, summing the horizontal offsets along each east-west 
profile should provide an estimate of the overall extension. Horizontal offsets were 
measured on each profile, including the 6 major faults and also the more minor faults 
shown on 2D profile interpretations (Figures 4c-8c). The horizontal extension along ISE 
4, ISE 1, and ISE 2 was measured as -20, -21, and -22 km +/- 1 km respectively over a 
54-57 km extent of continental crust. 
5.3 True Dips 
All of the dips described for the 2D profiles are measured in the plane of the seismic 
profiles and should be recognized as apparent dips. Our pseudo 3D grid of lines allows us 
to constrain true dips where crossing lines provide correlated reflections. At a regional 
scale, the 2D approximation may yield representative estimates given the overall north-
south orientation of major faults (Figure 11). However, at a smaller scale, it is clear from 
intersections of crossing lines that true dips are more complicated. 
We measured the dips of stratigraphic horizons within the pre-rift sediments as 
representative markers of block tilt. The intersection of ISE 5 with ISE 2 gives a prime 
example of stratigraphy dipping oblique to the seismic lines (Figure 13). Relatively clear 
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Figure 13. Intersection of ISE 5 and ISE 2 profiles, looking from the SE, towards the NW. 
Red is locally both fault F3 and top of crystalline basement. Blue is top of pre-faulting 
sediment. Yellow is top of a slump or mass wasting feature. Orange is base of unamiguous 
post-rift sediment. Pre-faulting sediment dips measured ~ 24° E on the ISE 2 profile and ~ 
23° S on the ISE 5 profile. Three point calculations estimate that the true dip of pre-
faulting sediment here is -34° S50E. 
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reflections within the pre-rift sediment indicate sediment dips of about 24° E on profile 
ISE 2, and about 23° S on profile ISE 5. A three-point calculation indicates that the true 
dip of these sediment beds is roughly 34° in a S50°E direction. We made similar 
measurements at all the crossing points where pre-rift sediment was clearly observed. All 
of the true-dip directions are illustrated on Figure l ib . Generally, the blocks dipped 
towards the east, but at four points in the southern region, they dipped preferentially in a 
southeast direction. 
6 Discussion 
Our analysis of the pseudo 3D grid of seismic lines reveal that the major normal 
faults within the DGB strike in a general north-south direction, supporting the 
interpretation of east-west oriented extension. We measured and summed fault heaves 
along the east-west oriented ISE profiles and found a consistent 19-21 km of extension, 
which suggests that extension was fairly uniform across the north-south extent of the 
study area. Landward of the exhumed mantle domain, we distinguished two crustal 
domains: the intracrustal fault domain and the detachment fault domain, distinguished by 
different fault geometries. In this section we calculate the extension and crustal thinning 
for each crustal domain separately, consider the origin of oblique crustal block dips, 
examine the poorly understood deep reflections, and explore implications for the internal 
structure of the PR. 
6.1 Extension and Faulting Domains 
The east-west oriented ISE profiles allows us to assess the degree to which the 
displacement along faults explains the present crustal thickness. From the present, 
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extended length of the margin (1) and the measured horizontal extension along the 
interpreted faults (h), we estimated the margin length prior to faulting (10) and the 
extension (e) and stretching factor ((3). 
e =
 l
-j* (1) l0 
P = Y = e + 1 (2) l0 
We also estimated the approximate average thickness of the extended continental 
crust (t), by measuring the cross-sectional area of crust in the plane of each profile (c). To 
estimate the continental crust thickness prior to faulting (t0), we assumed conservation of 
area; thus, crust length and crust thickness have an inverse relationship: 
t0 = f x t = J3xt (3) 
These calculations have been carried out for each ISE dip profile (Table 1). The 
sums of horizontal offsets on the faults for ISE 4, ISE 1, and ISE 2 are estimated as 20, 
21, and 22 km, respectively. On the three profiles, the present extended continental crust 
averages about 3.6-4.5 km thick. Correcting for horizontal extension along the faults 
restores the average continental crust thickness to approximately 5.9-6.9 km. 
Interestingly, the restored crustal thickness is much less than the original, pre-rifting 
thickness, presumed to be 30 to 35 km [Cordoba et al., 1988], Based on this extension 
discrepancy, Reston [2007] suggested that this margin was extended previously by 
unrecognized generations of faults. 
We also carried out extension and crustal thickness calculations separately for the 
IFD and the DFD on each profile (Table 2, Figure 14). Blocks A through C and the 
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Figure 14. Extension and crustal thinning calculations by faulting domain for each ISE 
dip profile. Interpretation of crustal features. The surfacing of the eastern most 
detachment fault (F3) was used as the dividing point for the two domains. Boxes below 
each profile represent the length and thickness of crust for each domain. Lighter color 
boxes have been corrected for fault extension. 
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offsets along their bounding faults are included in the IFD calculations. The average 
crustal thickness measured in the extended IFD is approximately 6.1-7.6 km. Correcting 
for the horizontal extension measured along the faults restores the IFD continental crust 
to approximately 8.7-13.8 km. This approximate restored thickness is near the -10-15 km 
thickness of the GB [Perez-Gussinye et al., 2003]. Therefore, the recognized faults within 
the IFD may represent the first, and only, generation of faulting after the formation of the 
GB. 
Blocks D through G and their displacements are included in the DFD restoration 
calculations. The average crustal thickness measured in the extended DFD is 
approximately 1.9-3.3 km. Correcting for the horizontal extension measured along the 
faults restores the IFD continental crust to approximately 3.2-4.7 km thickness. The 
restored crustal thickness in the DFD (3.2-4.7 km) is significantly less than the current, 
extended crustal thickness of the IFD (6.1-7.6 km), and even more lacking when 
compared to the restored crustal thickness of the IFD (8.7-13.8 km). 
Based on the extension and crustal thickness calculations, we suggest that the IFD 
and DFD experienced different extension histories. Perhaps, in line with the polyphase 
faulting mechanism, there are more unrecognized generations of faults in the DFD than in 
the IFD. These additional generations of faults in the DFD would likely be late, as the 
rifting continued to focus basinward, and S became a decollement for those final 
generations of faults. If this is the case, the mapped faults in the DFD may all be 
approximately the same age, but younger than those faults mapped in the IFD. The older 
faults are no longer discernable on the seismic profiles. 
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Alternatively, the unaccounted for thinning in the DFD may not be a result of 
additional generations of faulting, but rather a different style of faulting, such as that 
demonstrated in the rolling-hinge model [Buck, 1988; Lavier et al., 1999]. In the rolling-
hinge model, a master fault, which was once steep but subsequently rotated to low angle, 
could be represented by the S-reflector in the DFD. However, in the IFD there is no 
comparable surface; therefore, the rolling hinge model is interpreted to be applicable only 
from the breakaway fault (F3) to the DFD, where S exists. In this model, the extremely 
thinned crust in the DFD was plucked off the hanging wall of the master fault, what was 
to become the conjugate margin, and passively rotated with S. This model would imply 
that the faults in the DFD young towards the rift center, and the thickness of the crust in 
the DFD is determined by the spacing and angle of faulting in the hanging wall of the 
master fault. 
It is possible, and perhaps likely, that both the polyphase faulting and rolling hinge 
mechanisms were active within the DFD, and that the observed structures in the DFD 
reflect a stacking of mechanisms [Peron-Pinvidic et al., 2009], Polyphase faulting is 
likely to have been active over a broad region (including the GB and the entire DGB) 
prior to the formation of S. If S reflects a later developed, rolling-hinge-style master fault, 
additional generations of faulting could also further extend blocks after they were 
plucked off the conjugate margin. 
6.2 Hanging Wall Dips 
Irregular strike and dip directions observed at profile intersections seem inconsistent 
with pure east-west extension inferred from the overall fault trends. Here we discuss what 
these oblique block dips could imply about the rifting process. One possible explanation 
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is that slip along curved fault surfaces caused varying hanging wall dips. For example, 
the drape of sediments in the hanging wall over an undulating fault surface could produce 
both southeast and northeast dips depending on position. Although at most of the profile 
intersections, the true dips of fault-bounded blocks do point towards the local fault 
surface (Figure 1 lb), this is not the case at all intersections, i.e., the intersection of ISE 5 
and GP 102. Thus fault curvature alone cannot explain the overall variation in hanging 
wall dips. 
Alternatively, polyphase faulting might be responsible for the variations in hanging 
wall dips. By this model, prior generations of faults with unknown orientations, could 
have rotated crustal blocks in other directions. The most recent generation of faults, most 
apparent in the seismic lines today, would have cut through crust that was already 
deformed and possibly rotated. Therefore, the dips of hanging wall blocks may differ 
from those predicted by the last set of faults. Most likely, the variable hanging wall 
orientations reflect multiple processes, more complex than either one of these proposed 
explanations alone. 
6.3 Complex Transition from IFD to DFD 
We suggest that the prominence of north-dipping reflections below S, seen on profile 
ISE 5 (Figure 7) but not on profile ISE 6 (Figure 8), may be explained by their position 
relative to the boundary between the IFD and DFD. Profile ISE 6 intersects all of the 
east-west profiles well within the DFD, whereas profile ISE 5 crosses each of the east-
west profiles within the transition from the IFD to the DFD. The north-dipping reflections 
on ISE 5 are thus interpreted to be associated with this transitional area. 
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The deep reflections on profile ISE 5 (Figure 7) roughly correlate in location and 
depth extent with the deep, east- and west-dipping reflections on ISE 4 (Figure 6), GP 
101 (Figure 2a) and ISE 1 (Figure 5). On the migrated sections, we are unable to directly 
tie these deep reflections between the ISE 5 profile and the crossing lines, perhaps due to 
the effects of 3D structure on 2D migrated profiles. However, in the immigrated stacked 
data, a deep, north-dipping reflection on ISE 5 clearly ties with a deep west-dipping 
reflection on ISE 4. Assuming these are the same surface, this implies a true dip that is 
generally northwest, possibly representative of the other north-dipping reflections on ISE 
5. However, the prevalence of deep, apparently east-dipping reflections, imaged on the 
east-west oriented profiles, may also tie to the deep reflections on ISE, allowing that 
some of the sub-S reflections may dip to the northeast. 
Despite a lack of precise orientation, we propose that the unique location of these 
deep faults played an important role in the rifting evolution, as the fault styles 
transitioned from intracrustal faulting (in the IFD) to faults detaching on the hydrated 
upper mantle surface (in the DFD). Perhaps, as Reston et al. [1996] suggest, they 
represent incipient detachment faults that were abandoned when S became the primary 
detachment. Whether one prefers the polyphase faulting mechanism to explain the whole 
margin or favors an initiation of the rolling-hinge mechanism to explain the DFD, the 
earliest faults to reach or penetrate the mantle likely played an important role in hydrating 
the upper mantle peridotites and altering its frictional properties. We suggest that the 
north-dipping component of these interpreted deep faults may be associated with the 
propagation of the North Atlantic rift system from south to north through the Galicia 
segment and or with the local thickening of crust to the north. 
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6.4 Internal Structure of the Peridotite Ridge on ISE 4 
The depth migrated section for ISE 4 images reflections within the PR (Figure 9), 
which are not usually seen on other profiles but may help to constrain the structure and 
origin of this feature. The reflections suggest a structure consisting of a flat-topped, 
angular feature covered by high-amplitude, relatively-continuous, parallel east-dipping 
reflections, which also appear on its flanks in what resemble minibasins. 
The deeper, angular feature within the PR, is unlike the internally transparent, 
mounded structure that has been observed elsewhere along the PR and interpreted to be a 
serpentinite diapir [Henning et al., 2004], Its sharp angles also make a magmatic 
intrusion interpretation unlikely. We suggest that the angular structure could represent a 
tilted fault block, composed of either continental or mantle material. However, given the 
westward thinning of interpreted continental crust across this area, we prefer the 
interpretation of this feature as fault block of mantle composition. 
The presence of a mantle fault-bounded block within the PR has implications for the 
emplacement of the PR. Presumably, the continental mantle could be exposed during 
polyphase faulting if stretching continues crustal detachment occurs. Alternatively, a 
rolling-hinge style master fault could pluck mantle blocks from the hanging wall, 
resulting in a stranded block corresponding to the PR. Perhaps a simpler model, however 
is that of Sibuet et al. [2007], who proposed that exhumation of the mantle along the 
footwall of a master-concave downward fault (like in the rolling-hinge mechanism) could 
cause extensional faults in the upper footwall due to flexural bending. This process could 
produce horst blocks of mantle material such as the one we interpret on ISE 4. Thus, in 
addition to basement-cored fault blocks observed along the margin, mantle-cored fault 
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blocks could potentially be produced in the late stages of either polyphase faulting or 
rolling-hinge faulting. This provides an alternative origin for the PR along its length, 
although the structure may now be largely masked by erosion, serpentinization, or late-
stage diapirism. 
We believe that the high-amplitude dipping reflections within the PR, that overlie the 
angular block and are also present on the block's flanks, represent detrital strata, e.g., 
sediments. However, sediment sourced from land seems unlikely given the distance of 
the PR from shore and its deep-water setting. The volume of the overlying material also 
appears too great to be explained by pelagic sediment alone. We propose that serpentinite 
sediment sourced nearby is more likely. Serpentinite could be derived from serpentinite 
mud volcanoes or from mass wasting from bathymetric highs out of the plane of section, 
for example, along the PR, which shallows to the north and south of ISE 4. Further 
supporting this idea, Henning et al. [2004] recognized potential slump features on the 
flank of the PR on ISE 1, and ODP samples from a similar basement high farther south 
(Site 149-899) sampled serpentinite breccias with peridotite blocks [Sawyer et al., 1994]. 
7 Conclusions 
In order to study the final stage of rifting, prior to seafloor spreading, we focused on 
the Deep Galicia Basin off the west coast of Iberia. Here, continental crust is just a few 
km thick and cannot be restored to its presumed original 30-35 km thickness by restoring 
slip on the seismically visible faults. Where extension is often presumed to be 2D, we 
examined a grid of intersecting east-west and north-south oriented profiles to constrain 
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the extension orientation and consistency in 3D. Our main observations and conclusions 
are summarized below. 
(1) Three-dimensional analysis reveals that the dominant faults within this system are 
continuous over a 30+ km extent. These large-offset normal faults strike within 
10° of north, suggesting regional east-west oriented extension. Also, offsets along 
pairs of faults, i.e., F1-F2 and F3-F4, appear to compensate for each other, 
thereby maintaining systematic displacements along strike, further supporting 
uniform east-west extension along the length of the margin, at least within this 
study area. 
(2) The east-west oriented ISE profiles reveal three structural domains: the 
intracrustal fault domain, the detachment fault domain, and the exhumed mantle 
domain. Where crust is present, i.e., in the IFD and DFD, the summed fault 
heaves yield 19-21 km of horizontal extension over a 54-57 km extent of crust. 
Restoration of the total fault extension restores crustal thickness to only 6-7 km, 
significantly less than the presumed pre-rifting thickness of 30-35 km. 
(3) When examined separately, the extension and crustal thinning differ for the IFD 
and DFD. Restoration of fault extension within the IFD, yields pre-faulting crust 
thickness (9-14 km) close to that of the Galicia Bank, i.e., 15-20 km. This result is 
consistent with the polyphase faulting model, suggesting that the faults mapped in 
the IFD are the first, and only, faults to affect that area subsequent to the 
formation of the GB. In contrast, restoration of extension within the DFD 
produces crustal thicknesses significantly less than that of the present IFD, 
suggesting that the crust in the DFD was thinned by a different mechanism (i.e. 
49 
rolling-hinge style rifting), or experienced one or more additional generations of 
faulting compared to the IFD. 
(4) True dip measurements, made at the intersections of dip and strike profiles, 
indicate hanging wall blocks do not always dip parallel to the regional east-west 
extension direction, perhaps as a result of irregular fault surfaces and/or previous 
generations of faulting. 
(5) S is mapped over a roughly 2800 sq. km area. S is an irregular surface, but some 
broad trends can be described. To the east, it rises along breakaway faults. To the 
west, it deepens as it approaches the flank of the Peridotite Ridge. S is interpreted 
to level off at about 9-10 km below sea level (or about 4-5 km below the seafloor) 
at the northern extent of the study area. S is interpreted to rise at the southern 
extent of the study area to roughly 7 km below sea level (or within 2 km of the 
seafloor). In the center of its spatial extent, S forms a low-amplitude ridge which 
extends in a northwest direction. 
(6) Northward dipping reflections below S, present on ISE 5 but absent on ISE 6, are 
interpreted as deeply penetrating faults, associated with the deep west-dipping and 
east-dipping faults on the crossing profiles, ISE 4, GP 101, and ISE 1. Their true 
dips therefore appear to be generally in the northwest and/or northeast direction. 
We suggest that their dips may be related to the overall Atlantic rift system's 
propagation northward through the Galicia segment. These deep reflections are 
also interpreted to be spatially associated with a transition between the intracrustal 
fault domain and the detachment fault domain, and therefore may be associated 
with the change in rifting styles. 
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(7) The seismically identified Peridotite Ridge on ISE 4 shows internal structure not 
previously described on other profiles. Within the PR on ISE 4, there is an 
interpreted possible mantle horst block, which may have implications for the PR 
emplacement mechanisms. However, the significance of this structure, 
particularly as it applies to the full PR system, is not yet well understood. 
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